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Abstract—A superconducting magnetic energy storage 
(SMES) system contains a high inducting coil and combines 
with power conversion system can act as a constant source of 
direct current. SMES unit connected to a power system is able 
to absorb and store both active and reactive power from this 
system and to inject these powers into the power system in the 
demand periods. These injected powers are controlled by 
changing both the duty cycle of the dc-dc chopper switches and 
its operation modes. This paper presents an efficient design 
based on an SMES unit controlled by the artificial neural 
network (ANN) to improve transient stability by regulating the 
dc link voltage and to damp the voltage and frequency 
fluctuations that are always associated with wind power 
generator. The authors propose interfacing the SMES between 
wind power farm and the power grid connected through the DC 
Link capacitor to rapidly stabilize the voltage and frequency 
fluctuations in the power system. The system behavior is tested
with three different events for both voltage and frequency 
fluctuations of wind power generation with and without 
applying the SMES unit. The results show that both voltage and 
frequency stabilities are significantly increased when the SMES 
unit is applied in these three events.
Index Terms—Power stability, superconducting magnetic 
energy storage (SMES), transient, wind power generation.
I. INTRODUCTION
Recently, integration of wind power generation into grids
has become one of the most important and fast growing 
electricity generation forms among the renewable energy 
sources [1]. However, wind power, which changes randomly 
and frequently, affects power system operation and leads to 
severe instability problems. This wind energy operation 
requires more development, so it will be more robust and 
have a higher efficiency conversion system to overcome 
these stability issues and to make the wind power generation 
more efficient and effective.
Today, all over the world, about 30,000 wind turbine 
generators have been operating in wind farm (WFs) as 
sources of energy. The induction generator (IG) is one type of 
wind generators employed in WFs. The IGs have some 
advantages over the other wind turbine types when they are 
used in WFs like the ability of a direct connection to a power 
grid, cost effectiveness, and robustness for variable-speed 
energy conversion systems. However, IG requires reactive 
power for magnetisation. The wind fluctuations over the WFs 
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lead to variations in the generated active power of the wind 
IGs and to several disturbances in the absorbed reactive 
power and the voltage of the bus connected to the IGs and this 
affects power systems’ stability. Hence, under the normal 
operating conditions controlling the power flow and voltage 
of a WF is generally required. For an effective and quick 
compensation of fluctuating components generated by a WF, 
an energy storage system is always combined with the wind 
farm generators. Various energy storage systems such as 
battery energy storage system (BESS) [2], [3], compressed 
air energy storage units (CAES) [4], and superconducting 
magnetic energy storage (SMES) units [5]-[7] may be linked 
to a WF to reduce the fluctuation in its generated power.
In this paper, we employ an SMES unit and a designed 
SMES damping controller as a control scheme to solve the 
inherent power-fluctuation problem of a WF effectively and 
simultaneously. The SMES unit contains a DC 
superconducting coil that can store and save a large amount 
of electric energy in the magnetic field. The main advantage 
of using an SMES unit is that both active and reactive power 
can be simultaneously controlled. An SMES absorbs or 
releases the active power to the low-loss superconducting 
coil, depending on the power requirements of the system. In 
addition, in SMES, the power conditioning system (PCS) is 
the interface unit that allows the effective connection to the 
power systems.
SMES systems were found in some previous research to be 
an effective stabilizer of power systems. For example, the 
experimental operation at Tacoma substation, Washington, 
where a 30-MJ SMES system was made for damping the 
oscillations observed on the 500-kV Pacific AC Intertie, 
showed that the stability limit of the Pacific AC Intertie from 
2100 MW to 2500 MW can be increased by using the SMES. 
In addition, an SMES can control the active and reactive 
power delivered to or received by tuning both the modulation 
index and the phase angle of its power converter [8]. In 
another study, the controlled SMES unit was found to be an 
effective device for stability enhancement of power systems
[6]. Furthermore, the SMES unit with PI controllers [9], [10] 
and PID controllers [6], [11], [12] was developed to damp 
low-frequency oscillations of the studied systems. Moreover, 
as it is presented in [13], an SMES unit with a fuzzy 
controller was developed to enhance transient stability of a 
power system and the stability indices of the power system 
with the SMES unit and with a breaking resistor (BR) were 
compared. 
Thus in the literature, many strategies have been used to 
increase power systems’ stability by controlling SMESs; and 
because of the inherently nonlinear and variable structure of 
power systems, this non-linearity must be considered in 
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designing a more effective SMES controller [14]. Therefore, 
we considered the neural network (NN) as one of the artificial 
intelligent control techniques to build a nonlinear adaptive 
controller to control the power flow between the SMES and 
power system to improve its stability and enhance its 
performance. In this paper, we propose an application of the 
NN to control SMES for stabilization and damping voltage 
and frequency oscillations. Since NN will be used to control 
the system, back-propagation through time algorithm is 
chosen to cope with the continuous time dynamics [14]. In 
this study, the effects of both SMES and NN on power system 
stability are investigated. Furthermore, we determined the 
transient responses of the studied WF, subject to various 
disturbance conditions; and we present both steady-state 
results and transient performance of a large-scale WF based 
on an equivalent grid-connected IG under various wind 
speeds.   
Our paper is organized as follows. Section II introduces the 
configuration and the employed mathematical models of the 
studied WF. Section III shows and compares transient 
responses of the studied WF with and without the proposed 
SMES unit linked to the designed damping controller under 
disturbance conditions. Specific conclusions of this paper are 
drawn in Section IV. 
 
II. CONFIGURATION OF THE DESIGNED SYSTEM 
Fig. 1 shows the configuration of the studied WF 
containing the proposed SMES unit. A variable speed wind 
turbine is used to drive the wind induction generator (IG). 
The SMES unit is connected to the DC side of the wind farm 
through a dc-dc chopper. It is positioned as an interfaces 
device between the IG and a local load and the utility grid.  
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Fig. 1. Configuration of the studied WF with an SMES unit, an ANN controller, a local load, and a connected grid. 
 
In the designed system shown in Fig. 1, the SMES unit is 
applied to simultaneously stabilize the voltage across the DC 
link Vdc, and frequency fluctuations by varying the operating 
modes of the SMES unit. In this configuration, the studied 
system consists of the following: a wind model, a gear box 
(GB), an IG model, an SMES unit with an ANN controller, a 
local load, and an excitation capacitor bank (C). The SMES 
unit consist of a superconducting coil, a bi-directional 
current-source power converter, and an ANN controller.  
A. SMES System  
An SMES consists of two main parts, a bidirectional 
conversion system and a superconducting coil, as illustrated 
in Fig. 2. Firstly, the power conversion system (PCS) has two 
power converters, which are used to convert between 
alternating and direct current sides. The second part is the 
superconducting coil, which has an extremely low resistance. 
When the direct current passes through the superconducting 
coil, magnetic energy is stored around it [15]. This coil has 
the ability to keep the magnetic energy with almost no losses 
for a long time [16], [17]. Furthermore, a refrigeration system 
is always associated with an SMES to keep the 
superconducting coil at an extremely low temperature. 
 
Refrigerator 
System
To DC or AC network
Bidirectional power 
electronic converter
Superconducting Coil  
Fig. 2. Descriptive diagram of an SMES. 
 
The schematic diagram in Fig. 3 shows the configuration 
of a thyristor controlled SMES unit [18], which contains the 
superconducting coil and converter connected through Y-Δ / 
Y-Y transformer. 
The dc voltage 
smV across the inductor is continuously 
varied between a wide range of positive and negative values. 
This voltage can be provided by controlling the firing angle 
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of the converter. In the SMES unit, the inductor is initially 
charged to its rated current 
0smI when a small positive voltage 
is applied. Once it reaches its rated value, the current is 
constantly kept by reducing the inductor voltage to zero [19]. 
  
Supercondicting 
Inductor
Ism
Vsm
12 Pulse Bridge Converter
AC 
System 
Bus
Y -Y/Δ  
Transformer
 
Fig. 3. The SMES unit configuration. 
 
In order to control efficiently the power balance of the 
wind power generators during a dynamic period, the SMES 
unit is located at the generator terminal bus. The 
superconductive inductor coil is charged and discharged 
according to grid performance. Here, the dc magnetic coil is 
connected to the ac grid by the PCS. When this inductor is 
charged, the superconducting coil maintains current without 
any losses, and thus the energy is stored in the SMES 
inductance. If there are any changes in the grid power balance, 
the SMES changes its state to charge or discharge energy to 
the power grid. When the load is suddenly increased, the 
SMES in its discharging mode releases immediately its 
stored energy through the PCS as an alternating current to the 
grid. Whereas, if a sudden decrease in the load occurs, the 
superconducting coil rapidly changes to the charging mode to 
absorb the excess energy from the power system. The process 
of SMES charging is completed, when the power system 
returns to its steady state.  
The SMES changes its state to charge, discharge or keep 
its stored energy depending on the dc-dc chopper mode by 
varying the controlling signals g1 and g2. These signals are 
used to control the opening and closing of the IGBT2 in the 
dc-dc chopper. When both g1 and g2 are 1s, the SMES is in 
charging mode, and when g1=0 and g2=1 the dc current 
continually circulates in both dc-dc chopper and the 
superconducting coil during the freewheeling operating mode. 
Whereas, when they are both 0s, the SMES acts to discharge 
its stored energy to the grid. Fig. 4 shows these three 
operating modes of the dc-dc chopper respectively [20]. 
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(a) Charging operation mode. 
 
D2
D1
IGBT2
IGBT1
SMES 
CoilDC Link 
Capacitor
Ism
g1
g2
 
(b) Freewheeling operation mode. 
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(c) Discharging operation mode. 
Fig. 4. The dc-dc chopper operation modes. 
 
In the superconducting inductor, the current and voltage 
are related as:  
 
0
0
1
 
t
sm sm sm
sm t
I V dt I
L
                   (1) 
 
where 
smI  is the inductor initial current. When the switching 
loss of the converter is ignored, the active power (
smP ) that is 
absorbed or delivered by the SMES can be expressed as: 
 
0 cos( )sm sm sm sm smP V I V I                   (2) 
 
The power 
scP  is only a function of  , which depends on 
the voltage of the superconducting coil (
smV ). It can be 
positive or negative. When 
smV  is positive, the power is 
absorbed by the SMES unit from the power system. 
Conversely, if it is negative, the power is released from the 
SMES unit to the power system [21], [22]. 
The energy stored in the superconducting inductor can be 
expressed as: 
 
0
0
 
t
sm sm sm
t
W W P dt                             (3) 
 
2
0 0
1
2
sm sm smW L I                               (4) 
 
where 
0smW  is the initial energy in the inductor. Therefore, 
the SMES stores a large amount of energy depending on both 
the current that flows through the superconducting coil and 
its conducting capacity. 
In the system under consideration, the SMES has three 
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different operating modes. First, the SMES is absorbing 
energy from the power system to its superconducting coil in a 
charging mode. Second, the SMES is in stand-by mode, also 
called a freewheeling mode, in which the dc current 
efficiently circulates in the superconducting coil in a closed 
loop. During this operating mode, the current is circulating 
for long periods of time while storing a large amount of 
energy with no loss because of the low resistive characteristic 
of the superconducting coil. Third is the discharging mode 
when the SMES coil discharges the stored energy into the 
dc-link capacitor. The fast speed of charging and discharging 
the SMES coil is related to its rated current. The dc-dc 
chopper is used to control and change between these 
operating modes of the SMES unit. 
B. The Artificial Neural Network 
The artificial neural network (ANN) as a trained control 
method is used to improve the dynamic response of 
transferring energy between the SMES and power system for 
rapid stabilization of voltage and frequency fluctuations that 
occur after system transitions and load changes. 
In this research study, the ANN was trained off line at 
different load parameters and wind speeds through Back 
Propagation Algorithm (BPA) for obtaining the best value for 
the ANN controller parameters. In this ANN offline training 
there are two inputs. Firstly, the DC link voltages change due 
to fluctuating wind speed or swinging power loads. Secondly, 
the data of the voltage across the DC link that were earlier 
taken with using SMES unit that considered as the reference 
target. This voltage target is the DC link voltage that leads to 
stabilize the power system. Fig. 5 shows the ANN 
controller’s inputs and the output. 
 
Neural Network
Output  
Y(t)
Input X1(t)
DC Link Voltage
Reference Voltage X2(t)
(Target)
 
Fig. 5. ANN controller. 
 
The output of the ANN controller is the predictive DC link 
voltage. In this study, this voltage is compared with the actual 
voltage across the DC link instantaneously through adaptive 
control method to create controlling signals (g1 and g2) that 
control and change the operation modes of the dc-dc chopper. 
In this study, the neural network has been designed to predict 
an output series Y(t) when d past values of input series X(t) 
are given. Fig. 6 shows the structure of the neural network 
that has two input nodes, one hidden layer and one output 
layer. 
The back propagation rule defines how to change the 
weights in the artificial neural network in order to minimize 
the error function that is given by: 
 
1
2
TE e e                                (5) 
 
where e is the error vector and T is the sampling period [23]. 
In back propagation rule, the weights change according to the 
gradient descent method of optimization as: 
 
1
1ij
ij
E
 


  

                         (6) 
 
where 1
ij  is the weight of the neuron i in layer l connecting 
to the neuron j in the next layer, μ is the learning rate, which 
corresponds to step size in the gradient-based optimization 
methods. In the neural network controller used in this work, l 
can be 1, 2, or 3. The gradient of the error function, for 
example, at the output layer (the third layer) is calculated as 
follows:  
 
3 3ˆ
J j jS e f

                                 (7) 
 
Here, 3'
jf is the derivative of the activation function of the 
jth neuron at the output layer. The gradient of energy 
functions for the hidden layer (e.g., the second layer) is as 
follows: 
 
2 3 3
j n jn                                  (8) 
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Fig. 6. Structure of neural network. 
 
Therefore, the weights are changed according to the 
following rule for the hidden and output layers, respectively, 
as follows: 
 
2 2 2( )iij j jf                              (9) 
 
3 3 2( )iij j jf                             (10) 
 
where   is the error gradient,  is the product of weights 
and inputs in each layer. 
The neural network controller designed and used in this 
work has ten neurons with two delays in the hidden layer and 
one neuron in the output layer. The ANN controller is trained 
by using back propagation algorithm, which is well explained 
in [23]. For training purposes, about 30000 data samples have 
been taken. These training data are collected from the 
simulation model by variation of the wind speed in the wind 
farm generation system. The neural network was 
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continuously trained for 300 epochs to obtain the best values 
of weights with the highest training regression, the best 
validation performance, and the lowest training error. 
C. The Adaptive Control 
In this study, the artificial neural network (ANN) as a 
model reference with adaptive control strategy is used as a 
combatable controlling process. Fig. 7 shows adaptive 
control and ANN strategy-based SMES. 
This control process begins with offline training of the 
Neural Network (NN). The inputs of NN are the DC link 
voltage that fluctuates because of wind speed changes and a 
voltage across the link as target voltage (11 kV) that stabilize 
the power system, whereas the output of NN is a model 
reference signal ym. In the adaptive controller, the model 
reference signal ym and voltage of the DC link in the power 
system y are compared. Depending on the error of this 
comparison and the state of the superconducting coil two 
controlling signals (g1, g2) are generated by the controller 
unit. These signals are used to change the state of the dc–dc 
chopper to control and adjust the operational modes of SMES 
unit to charge, or discharge its energy to/from power system, 
or to keep this energy during the continuous circulating 
operating mode in magnetic form “to be published” [24]. 
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Fig. 7. The block composed of the adaptive controller and ANN based 
SMES. 
 
III. THE SIMULATIONS RESULTS UNDER DISTURBANCE 
CONDITIONS 
TABLE I: SMES AND THE POWER SYSTEM SPECIFICATIONS IN THE DESIGN 
SYSTEM 
SMES energy capacity [MJ] 1 
Rated current [kA] 1 
Superconducting coil inductance [H] 20 
DC link capacitor [mF] 10 
Nominated wind speed [m/s] 13 
 
In this section, we demonstrate the comparative damping 
enhancement performance of the studied WF under 
disturbance of wind speed conditions. Three different power 
instability events applied to the proposed SMES system were 
simulated: voltages fluctuations in wind power generation 
systems, power supply frequency oscillations when rapid 
changes in the loads occur, and the case of production of 
excess power that is generated at the start of operation of the 
wind power generators. In these three instability events, the 
transient responses of the studied system with the WF only 
and the WF with SMES unit with an adaptive neural network 
controller under a ramp-wind condition are compared. All 
simulation results are obtained by using Matlab and Simulink. 
The parameter values of the SMES and the power system used 
during the simulation are given in Table I.  
A. Voltage Fluctuations 
In the designed system, a nominal wind speed (13 m/s) was 
chosen to get the nominal generated power by three induction 
generators (IG) as a wind farm generation system. In this 
simulation, the wind speed was randomly changed between 8 
and 13 m/s. This random change in the wind speed led to 
random fluctuation in the generated power amount of the 
wind generation, which caused voltage fluctuations in the 
power system. In the designed system, with these voltage 
fluctuations, SMES changed its operational mode by 
controlling the dc-dc chopper to charge or discharge its stored 
energy to the power system. By these operational mode 
changes, SMES maintained the voltage across the DC link 
constant at the nominal value (11KV). That allowed the 
power system to remain in the steady state. Fig. 8 shows the 
fluctuations in wind speed, wind generated power, voltage 
across the dc link capacitor, and the dc current through the 
SMES coil during the charging and discharging operation 
modes with and without using the SMES unit. It shows 
clearly that the stability of the voltage cross the dc link 
capacitor with applying the SMES was effectively improved, 
which led the power system to be more stable. 
B. Frequency Fluctuations 
In wind power systems, the random changes in wind speed 
affects both generation and load’s frequency oscillations. The 
SMES unit is linked in the system under consideration 
assisted efficiently to reduce these instabilities in power 
frequency. When it charged or discharged rapidly its stored 
energy to the power system it well acted as a DC source. In 
the following simulations, the wind speed was also affected 
and changed in the range between 8 and 15 m/s. When the 
SMES unit was applied, it is controlled to change its 
operational modes rapidly to absorb any excess energy or to 
release the stored energy to the power system thus reducing 
the wind speed effects.  
Fig. 9 shows the effect of SMES on both the wind turbine 
frequency and the load frequency in the system designed, 
with some fluctuations in wind speed. It can be clearly seen 
that both, the generator’s and the load’s frequencies, were 
stabilized when SMES was applied and that led to increased 
power system’s stability. 
C. Starting Operations of Wind Power System  
WF generators at the start of their operation are generating 
a very high power that exceeds the nominal power of the 
system. Using SMES linked to WF can reduce wind power 
system transience and reach faster the steady-state power. It 
absorbs excess energy in a rapid charging process by 
converting this energy to magnetic form around its 
superconducting coil. In the following simulation, the 
transient responses of the system with and without SMES 
were compared. The system was designed to generate (0.5 
Mw) at a constant wind speed (10 m/s). Fig. 10 and Fig. 11 
show the simulations results of the generated power of the 
wind turbine, the DC link voltage and the SMES current 
changes with and without applying the SMES respectively. 
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(a) With the SMES. 
 
 
(b) Without the SMES. 
Fig. 8. The simulations of voltage fluctuations. 
 
 
Fig. 9. The simulations of wind turbine and load frequencies with and without the SMES. 
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Fig. 10. The simulations of absorbing the excess energy of WF with the SMES. 
  
 
Fig. 11. The simulations of absorbing the excess energy of WF without the SMES. 
 
IV. CONCLUSIONS 
In this paper, we have presented transient responses of a 
wind farm (WF) containing an effective superconducting 
magnetic energy storage (SMES) unit and a designed NN 
damping controller. To stabilize and control the fluctuation of 
the wind power generated due to the affected wind speed 
variations, we designed and studied a power conditioning 
system of the SMES controlled by using the artificial NN 
method for an independent and a simultaneous control of 
active and reactive power flow. From the transient 
simulations results, we were observed that the system 
frequency oscillations due to wind speed fluctuations in both 
generation and load areas were effectively damped out with 
use of the SMES unit. It has also been shown that the voltage 
of the DC link at the joining point of the SMES to the power 
system was efficiently controlled to be maintained at the 
nominal voltage when the SMES unit was applied. Moreover, 
the results show that the SMES was capable of absorbs 
rapidly the very high-generated energy that was produced at 
starting operation of wind power generates. This was 
achieved by transferring and charging this excess energy to 
be saved in magnetic form around the superconducting coil.  
In this study, we conclude that the proposed ANN based 
SMES damping controller located as an interface device 
between the WF generation and grid or local load is a very 
effective device for stabilizing power fluctuations of a WF, 
while minimizing both bus-voltage and frequency 
oscillations of power systems simultaneously. These 
stabilizing and minimizing will increase the stability and 
enhance the overall performance of power systems.  
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